
RD-A144 i96 ATMOSPHERE TEMPERATURE PROFILE RECOVERY USING PARTIAL i/i

RADIANCE LAS M H BRUCE ET AL. 30 SEP 83 SDL-SRL-83-2EFRMTY () rNSAEUI BDODM TWR

UIIED F iG 4/ i

IIIIIIlflII.hhIII
EEEEIIIIEEIII
llllllllllhl
LIIIIIIIIIEEII



.1.

1.25 111.

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-1963-A



AFGL-TR-83-0317

ATMOSPHERE TEMPERATURE PROFILE RECOVERY USING

PART IAL I NTERFEROMETRY

CD
I-

Marshall H. Bruce
Charles W. Eastman

STEWART RADIANCE LABORATORY
UTAH STATE UNIVERSITY
139 The Great Road
Bedford, MA. 01730

SCIENTIFIC REPORT NO. 1

30 September 1983

Approved for public release; distribution unlimited.

DTICELEC TE I

AIR FORCE GEOPHYSICS LABORATORY S ULECTE)
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE

-La, HANSCOM AFB, MA. 01731 4 0B

- 84 08 09 055



This technical report has been reviewed and is approved for publication

$A
(Signature)/ ( ' ignature)
FRANCIS X. ROBERT RANDALL E. MURPHY, Chief

Contract Manager Atmospheric Backgrounds Branch
Atmospheric Backgrounds Branch Infrared Technology Division
Infrared Technology Division

FOR THE COMMANDER

Signature)7
RANDALL E. MURPHY
Acting Director
Infrared Technology Division

Qualified requestors may obtain additional copies from the Defense Technical
Information Center.

If you address has changed, or if you wish to be removed from the mailing
list, or if the addressee is no longer employed by your organization, please
notify AFGL/DAA, Hanscom AFB, MA 01731. This will assist us in maintaining
a current mailing list.

Do not return copies of this report unless contractual obligations or
notices on a specific document requires that it be returned.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (Wen Data Entered)REPORT DOCUMENTATION PAGE / BRE COMTRUTINSOR

READ INSTRUCTIONS
REPOT DOUMETATIN PAE BEFORE COMPLETING FORM

.REPORT NUMBER 2, CIPIENT'S CATALOG NUMBER

AFGL-TR-83-0317
4. TITLE (and Subtille) S. TYPE OF REPORT & PERIOD COVERED

ATMOSPHERE TEMPERATURE PROFILE RECOVERY USING
PARTIAL INTERFEROMETRY Scientific Report No. 1

6. PERFORMING ORG. REPORT NUMBER

SDL-SRL-83-2
7. AUTHOR(*) 1. CONTRACT OR GRANT NUMBER(a)

Marshall H. Bruce F19628-83-C-0056
Charles W. Eastman

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Stewart Radiance Laboratory AREA & WORK UNIT NUMBERS

Utah State University 
62101F

139 The Great Road, Bedford, MA. 01730 7 A

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Air Force Geophysics Laboratory 30 September 1983

Hanscom AFB, MA., 01731 13. NUMBEROF PAGES

Monitor: Francis X. RQbert/LSP 91
14. MONITORING AGENCY NAME & ADDRESS(I/ different from Controlling Office) IS. SECURITY CLASS. (of this report)

UNCLASSIFIED

ISa. OECLASSIFICATION/DOWNGRAOING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

IS. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary nd identify by block number)

Remote sensing, atmospheric temperature, carbon dioxide radiation transfer,
interferometers, partial scan.

ABSTRACT (Continue on reverse side If neceseary and identify lock numbem3 " -

A model for the radiative transfer of CO2 at hrough representative
earth atmospheres is constructed in order to i Vestigate the efficiency of
temperature profile recovery using selected partial interferograms. The
recovered profiles and their root mean square errors are then compared in
order to evaluate the apparent advantage in using partial interferometry.

DD IJAN73 1473 UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (Wen Data Entered)



TABLE OF CONTENTS

INTRODUCTION .................................................... 8

RADIATIVE TRANSFER IN A PLANE PARALLEL ATMOSPHERE ........................ 9

LEAST SQUARES PROCEDURE FOR RECOVERING TEMPERATURE
PROFILES. SPECTRAL SPACE ................................................ 10

THE RECOVERY OF TEMPERATURE PROFILES FROM INTERFEROGRAMS ................. 17

PROFILE RECOVERY FROM INTERFEROMETER DATA ................................ 21

HOW NOISE TRANSFORMS ..................................................... 22

SOME NUMERICAL RELATIONS AND PARAMETERS USED IN OUR ANALYSIS ............. 23

ACTUAL PROFILE RECOVERY FOR SIMULATED SPECTRAL MODELS .................... 25

pGAIN ..................................................................... 26

REFERENCES ............................................................... 27

AcceSsion 1or

NTIS GFA&lDTIC.....
D" :" -LF"C TE b

Bd a

3



LIST OF FIGURES

Figure 1. Radiance at 30 km from 25-30 km layer ................... 28

Figure 2. Radiance at 30 km from 20-25 km layer .................... 29

Figure 3. Radiance at 30 km from 15-20 km layer .................... 30

Figure 4. Radiance at 30 km from 12-15 km layer .................... 31

Figure 5. Radiance at 30 km from 10-12 km layer .................... 32

Figure 6. Radiance at 30 km from 8-10 km layer ..................... 33

Figure 7. Radiance at 30 km from 6-8 km layer ...................... 34

Figure 8. Radiance at 30 km from 4-6 km layer ...................... 35

Figure 9. Radiance at 30 km from 2-4 km layer.....................36

Fiugre 10. Radiance at 30 km from 0-2 km layer ...................... 37

Figure 11. Radiance from ground at 30 km ............................ 38

Fiugre 12. Total Radiance at 30 km (Down Looking) ................... 39

Figure 13. The function B'290 0(T30 -2 - T 30 -0 ) ....................... 40

Figure 14. The function B'279 0(T30 -4 - T30 -2 ) ....................... 41

Figure 15. The function B'2670 (T 30-6 - T30-4 ) ...................... 42

Figure 16. The function B'26 5o(T 30 -T 3 0 6 ) ........................... 43

Figure 17. The function Bl' 24 20 (T30 10 - T30-8) ...................... 44

Figure 18. The function B'229o(t30 _12 - '30-10 ) .................... 45

Figure 19. The function B'216o(T30 .14 - T30-12 ) ..................... 46

Figure 20. The function B'216o(T30 16 - T 3 0 1 4 ) ....................... 47

Figure 21. The function B'216o(T30 .18 - T30_1 6 ) ..................... 48

Figure 22. The function B'217o(T30_20 - T30_18 ) ..................... 49

Figure 23. The function B'219o(T30 .22 - T3020) ..................... 50

Figure 24. The function B'22.20( 30 _24 - T30 _22 ) .................... 51

4

A.-~



Figure 25. The function B'224o(t30 .27 - 302 .. 52

Figure 26. The function B'2340 ('30 _30 '30_27) ..................... 53

Figure 27. The Fourier transform of Figure 13,
FT B'290o(t30 _2  - '30-0) ................................. 54

Figure 28. The Fourier transform of Figure 14,
FT 8'2790o(T30.4 - T30 2) ................................. 55

Figure 29. The Fourier transform of Figure 15,
FT B'267o(T30.6 - T30.4 ) ................................. 56

Figure 30. The Fourier transform of Figure 16,
FT B' 26 50 (T 30 8 - T ................................. 57

Figure 31. The Fourier transform of Figure 17,
FT B'242o(T30  -T ........ ................ 58

Figure 32. The Fourier transform of Figure 18,
FT 2290 T 30-2 T30-10 ............................ 59

Figure 33. The Fourier transform of Figure 19,
FT B'216 o(t30 _4 - T30_12 ......... ................... 60

Figure 34. The Fourier transform of Figure 20,
FT B'2160 (T30 _16  - T30 _14 ) ................................ 61

Figure 35. The Fourier transform of Figure 21,
FT B'2160(T30 _18 - T30_16) ............................... 62

* Figure 36. The Fourier transform of Figure 22,
FT B'217O(T30_20 - T30 _18 ) ................................ 63

Figure 37. The Fourier transform of Figure 23,
FT B'2 19 0 (T30 22 - T .. . ................. 64

Figure 38. The Fourier transform of Figure 24,
FT B'2220(T30- 24  - T30 _22) ................................ 65

Figure 39. The Fourier transform of Figure 25,

FT B'224o(T30 _27 - T30-24) ................................ 66

Figure 40. The Fourier transform of Figure 26,
FT B' 234o(T30_30 T 30-27) ................................ 67

5



Figure 41. The r.m.s. noise temperature retu ned by various partial

Interferograms with 10-8 watts/cmi-sr noise ................ 68

Figure 42. Noise temperatures from two partial interferograms ......... 69

Figure 43. Diagram of PDP 11/23 computer system hardware .............. 70

Figure 44. Block diagram of program used to generate and process
CO2  data files ............................................. 71

Figure 45. Computation procedure used to generate transmittance ....... 72

Figure 46. Program for temperature profile ............................ 73

Figure 47. Construct the covariance matrix fTf ........................ 74

Figure 48. Construct the Nxl data vector .............................. 75

6 -



LIST OF TABLES

TABLE 1. CO2 BANDS ............................................... 76

*TABLE 2. STANDARD ATMOSPHERE-- MIDALTITUDE SUMM'ER ................... 77

TABLE 3. SPECTRAL CHANNELS FOR 15 pmn CO2  . .  .  .  .  .  .  .  78

STABLE 4 COVARIACE ERRORMATRIX (TFl (01.5Im.......7
TABLE 5. COVARIANCE ERROR MATRIX (FTF)-l (0-13.6530 cm)..............809

TABLE 6. COVARIANCE ERROR MATRIX (FTF)l, (.166-.500 cm) ............. 81

TABLE B. COVARIANCE ERROR MARI (F 1,(1.6-.50c) ..... 8

TABE .OVRIACEERORMATRIX (FTF)l, (1.500- .833 cm) ........... 84

TABL 10 COVRIACE ERORMATRX (TF (1.83217m) ..... 5
TABLE 1. COVARIANCE ERROR MATRIX (FTF)- , (083-2.167 cm)............. 86

*TABLE 1. COVARIANCE ERROR MATRIX (F TF)- 1 (.0-.167.0 cm)........... 87

TABL 13 COVRIACE ERORMATRX (TF 1  1 6-.7c)......8
TABLE 1. COVARIANCE ERROR MATRIX (FTF)..l, (1.333-.167 cm)............ 89

TABLE 15. TESETA PC COVARIANCEERO MATRIX (~f USING.3-.17c) ...... 8

TABL TH F1OAILTCEERO KAPANRI (F F), (977.167..................906

TABLE 16. COVARIANCE ERROR MATRIX (F TF)l, (6003-506 cm).............9

7



INTRODUCTION

The recovery of temperature profiles of the earth's atmosphere by

a top-side sounder in the 15 um region has been investigated. A modeled

radiative transfer of CO2 through a structured atmosphere is created and

analyzed by a least squares method in the presence of varying amounts of

random noise. This is done both in the spectral domain using either

a 135 cm window centered at 15 im or by using 10 selected spectral --

channels 0.5 cm-1 wide or in the interferogram domain using either the

entire continuous region from zero path to an optical path difference

corresponding to the spectral domain resolution, or by using selected

portions (partial interferograms) to recover temperature profiles. The

recovered profiles and their root mean square errors are thei compared both

in the spectral and interferogram domains in order to evaluate the --

apparent advantage in using partial interferograms as first prooosed by

Kyle (1977) and investigated by Smith et al., (1979) and at Santa Barbara

Research Center (1981) and Perkin-Elmer (1982).

First a computation of synthetic line spectra for the nine strongest

bands of CO2 at 15 pm was done. These are general spectra parameterized

by temperature, pressure, column density, and general line widths. The

model then convolves a Lorentz, or a Lorentz-Gaussian (Voigt) profile

with the line spectra and forms the transmission and absorption as a

function of wavenumber.

The radiative transfer for multiple atmospheric layers (up to 14

distinct layers) was then computed and, for spectral domain studies,

convolved with an instrument function, either triangular, sinc, or preferably

sinc2 . Fourier transforms of the separate and composite atmospheric layer

spectra were also done, since they are required for the interferometer

8



domain analysis. The final result is an artificial spectrum representative

of that observed by a satellite or balloon-borne interferometer looking down

through a radiating atmosphere to a hot earth surface. The possible qain

advantages are then discussed and conclusions drawn.

Radiative Transfer in a Plane Parallel Atmosphere:

We assume a plane parallel atmosphere with no scattering, and in

local thermodynamic equilibrium, so that a particular layer may be

characterized by a pressure, temperature, and density, and a constant

mixing ratio of CO2. Under such a condition, the radiative transfer

calculations are done using the expression for the intensity of

radiation l(a) emerging from the top of the last layer (looking at nadir)

as

top

I(a) =. C B(a,T)d'(a) + B(a,T )r(a) , (1)

bottom

where T(a) is the wavelength dependent transmission from a given layer

at height z to the top layer, and B(aT) is the black body function for

a given layer (z dependent), and the subscript g is the ground contribution.

Of course our integration is done with only a finite number of layers

(up to 14 homogeneous layers of about 2 km thickness plus the ground

contribution) so the expression becomes a summation, so that we have

NE(a) - iB(aTi)(*rlii -*1l,i+1 ) + B(o'Tg)Tl,N (2)
1=1

9 1



....L  ..... . . ... . . . . . . i i

where wi are numerical weights for integration.

Because of the nature of the transmission function in the form of

an exponential whose argument is proportional to the thickness and

optical absorption coefficient for a particular layer, the total
FI

transmission from level 1 to level i is the product of the individual

transmissions within each homogeneous layer, so we have, for example,

T 13 =T12T23' T14 = T1 2T23T34 x T13T34' etc. In this way we build up

the total expression for I(o) for a given temperature profile. Such a

calculation is illustrated from Figures 1-11 for ten atmospheric levels

and a ground contribution, and represents the contribution of each layer

to the radiance at height 30 km for a down-looking instrument. Figure

12 shows the total radiance.

Least Squares Procedure for Recovering Temperature Profiles.

Spectral Space.

In order to derive a temperature profile from experimental measure-

ments of intensity, the most direct method is to assume a reasonable

'most probable" profile appropriate for the season and region and work

with the differerce spectra, with deviations indicating actual temperature

variations from the assumed standard profile. For small changes in

temperature a Taylor series expansion is sufficient, and we retain only

the first differences. Thus an intensity profile giving a nadir intensity

of I(a) may be represented as

I(0) = I0(0) + LI0oT)T ATi (3)

10
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where

•

1

N(2
T 'TIOi ) - (aji + f(ajTi)ATi)I (5)

T=Ti

The set ATi is chosen such that is a minimum, do=O, or since the set

ATi is independent

M N
0 = (-2) , i( o.() - f(ajTi)ATi]• f(ojTk) .(6)

j=1 i-1

Lettlngf(j) I I(ao) - 10 (aj) the difference between the observed

i 11



spectra and the spectra from the standard profile, we have

:"iaj)f(ajTk) = f(aj,Ti)f(aj,Tk) ATi . (7)

j=1 11 jl

This set comprises N equations for the profile differences from a set of

M points of spectra data.

We define the following matrices, first the MxN matrix of coefficients,

fl11 fl ••• fin.!

f21 f22 (8)

fMl "" fM

Next the temperature difference column Nxl matrix,

AT1 I "Y(a)
ATI

AT 2 and the intensity difference matrix, , . J7 2) (9)

ATN )

Then the expression for the temperature differences can be written in

12



matrix form as

- .f= fTf AT , (10)

where fT is the transpose operation on f, and makes the product matrix

fTf square, and possessing an inverse.

By including a "noise" term in the expression (3) we can determine

the variance in the temperature. Thus, adding a noise term n, we have,

in matrix notation

+nfAT , 11)

where n is an Mxl column matrix. Then *, the quandratic expression to

be minimized, may be written as

=f +n - fATJIT SLf+ n - fATI (12)

where S is a symmetric weighting matrix to be determined.

Multiply (1V on the left by fTS,

fTf +.fTSn = fTsf AT (13)

Now fTsf usually has an inverse, called the Moore-Penrose pseudo-inverse

with weight S. Thus we may solve for AT as

AT - (fTsf)ifTsj + (fTSf)lfTSn (14)

The "best estimate" AT of AT is the first term,

13



= (fTsf)-l fTsJ (15)

and the "estimation of the error" is then

(AT - V) = (fTsf)l'fTsn (16)

Now the nature of n is stochastic, and the only meaningful measurements

of our error are its expectation in the probability sense. So if we

define a functional operation as the expectation of a function g, as E(g),

and use a probability density function p, such that

p(v)dv = 1 (17)

LoCD

and where
b

P(ab)-- p(v)dv (18)

a

is the probability of an event occurring between a and b, then

Co
E(g)I g(v)p(v)dv (19)

!_ (D

is the "expectation value of g". Then the variance of the estimation

error may be expressed as

14



E(AT - A")(AT - )T

AT))
Z f(fTf)'IfTn nTsf(fTsf) 1 }

Z (fTSf)l'fTs E(nnT) Sf(fTsf) 1  (20)

Now E(nnT) is the variance of the matrix Q, the noise, and we may minimize

* and E[(AT - A ,T)(AT - &)T ] simultaneously by choosing our weighting

matrix to be the inverse of the noise matrix, Q. Thus,

S = Q- . (21)

Then

E [(AT~ AT(T- )]=(flfl , (22)

and the "best estimate" of the temperature profile is

AT = (fTQ-1f)-1 fTQ-j (23)

Now in general the noise matrix nnT is
n "n2 nln .

1 (n1n 2n3 " .nu) 1  2 .....n2 n I n2 n 22 ....
n122

nnT ; - (24)

15



For uncorrelated noise, the expectation value of nnT leaves only the

diagonal elements, as

2
E(n2) 0 0 ...

nT 0 E(n2) (25)0 E(n)En)

0

We may further reasonably assume the noise to be distributed uniformally,

so the diagonal terms all have the same value, so Q becomes proportional

to the unit matrix,

O0 2  0 , (26)

where 2 is the variance of the noise. This being the case we can then
n

write our expressions for the estimation of the temperature variance as

E [(AT - AT)(AT -AT)T]= nF(~f- (27)

and the best estimate of the profile difference as

A (fTf)-j fT (28)

16



The Recovery of Temperatuie Profiles from Interferograms.

The interferogram E(x) is essentially the Fourier cosine integral

transform of the spectrum, i(a), as (Vanasse et al., 1971)

E(x) 2e f I(a)cos 2wox do (29)

0

where £ is the efficiency of the interferometer.

In practice the spectrum is computed at 2N discrete points, as shown

I, N

VA -W #- -o -- 1

I I

I I

% I I

I I
I - . -I

Go- Nao O+(N- )&ao

O.N 0 ON-1

We assume that 1(a) is an even function around 0. f(a0 + a) = f(a 0 - a),

and that it is periodic, f(a + NAa) = f(a).

17
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The integral is then related to the complex Fourier transform as,

first

(o)e-i2aXdo = 2 I(o) cos 2waxdo (30)

and then converted to a discrete sum by multiplying I(a) by the Dirac

comb function and by band limiting by a rectangular function, as

-~~o (00 ) ] 2rxd (31)
I(o) comb (- 0..) Rect do
COa (2N-I)Aa

where

G (ON - ) (32)

N

is the wave number sampling increment. Also note that the nth sample

point, on, is expressed as

on = o0 + , (33)

and that the width of the rectangular function window is

2(ON. 1 - ON) = (2N-1)Aa (34)

We may complete this as

18



+O D ( AO +

E(x) "A, ( I(a)Rect AI L 6(0a 0 nAa)e'i2wax do
- ~ (2N-1)Ac, I a 0=

L J

~Fnfll "2WX(0O+nl°)
= OD I(+nAo) Rect [2N-i+  e (35)

n=-ow

Since the definition for a rectangular function Rect x is

1 2 X
Rect x o w(36)

I O, otherwise

then the sum is limited to -N < n < N - 1.

In addition the optical path difference, x, is also measured at discrete

intervals, so xm E max, m integer, so we may write

N-1
.-I -i 2nmX(aO+nMa)

E(mAx) = Aa I(aO + nAa)e

N-1
N-in o~ -i 2iAxAcwn

=Aoe 0 . I(00 + nAa)e • (37)

19



For I(o0 + no) - I(oo - Ma), and Axta =l (making use of the sampling

theorem Ax = ) we have 2N

2(aN.1- a0)

-i) 2Ax o [ I (o+ n&)e i 2TrAxAolnn= Aoe n- -N

+N+ )i2wAxAomn

+I(CO) + 1 C 0 +o nAa)eJ

-i 2'&xa, m N=A eu 0  (aOOnA)e + I(o 0+r~A)e

Ln=1

+ I(ao)+ I(oo+NAo)(-1)m

-i 27r~xa OM N-i
Aa e I@0 ) +I(O+NAo)(-1)m+2 E (a+nAC)cos j. (38a)

n=1 m

In addition, by choosing Axe 0  h, integer, e 0 = 1, (which makes

a an even multiple of the bandwidth (aN -17 'o) or oo = 2h (ON- 1 - 0 )

and so we finally have for the discrete Fourier cosine transform

20



II

N- 1 I co A ) c s fm~F m~)I (oo) + 2 I(0+n~ !+(a 0 +N~a) (l)m}&a (38b)

I n

Profile Recovery from Interferometer Data:

By applying the discrete Fourier cosine transform to the spectral

space matrix equation (11), we have

'7 ) n(a)]I=-W I.~f(CF)]I AT (39)

R We retain the linear nature of the analysis, since the two column matrices

fio) and n(o) and the rectangular matrix f(a) transform directly, and

gives

(x) + N(x) = F(x) AT (40)

Then by applying a similar analysis as before we have for the estimation

of the temperature variance

(ETI-(AT )(A T - ATT] N (FTF)_l (41)

and the best estimate of the profile difference

A = (FTF) " FTS (42)

where o 2 is the variance of the delay-space noise.

21
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How Noise Transforms:

We use Parseval's theorem as

O0 CO

f= n f N2(x)dx (43)

0 0

where N(x) is the Fourier cosine transform of n(a). For the discrete,

band limiting procedure previously applied to the Fourier cosine transform,

we get

N-iu n2 (o) + 2 n2(aO + nAa) + n2 (ao+NAu)[ In= 1

L2(O) + 2 N-1 N2(nAx) + (o+NAal (44)

N On=1

These expressions are just the noise variances, and so we have

~o~2 Xc a (45)

This is used to compare the effect of equivalent noise in the two transform

domains when we make our numerical analysis.

22



Some Numerical Relations and Parameters Used in Our analysis:

We present here some parameters used, along with pertinent algebraic

relations. The number of points to model the spectral domain is N = 4096.

The beginning wavenumber a0 = 600 cm-  and the end wavenumber aN1= 750 cm

giving a

(ON-1- 00) -150 .036621 cm- 1  (46)
N 4096

Since by the sampling theorem the maximum O.P.D. delay L is

1 thn L=4096 (7
then L 300 - 13.653 cm (47)

The delay space increment is

1
Ax. = ("N-1- °O) = 00333+ cm • (48)

The relation between the noise variances may be written

2
2 2 (ON-1- 00)2  2
N N n (49)

The computer program returns the Fourier cosine transform without the

Ac term, thus we have

23



F(x) =Aa Fcomp(x) = (Nl- 0) Fmp(X)N

= .036621 F comp(x) (50)

Also, this is true for the noise variances, so

N =y- ) n = 3.3146 an (51)

But

acomp = a = 8192 an

90.5097 an (52)

So, for example, r.m.s. noise of aN = 10-8 watts/cm2 -sr is a spectral
r.m.s. noise of 10-8 watts 3.0170 x 10-9 watts/cm2 sr-cm "1

3.3146 cm2 -sr-cm1

and an r.m.s. noise returned by the computer of (90.5097)(3.0170xlO
- ) =

2.7307 x 10-7 watts/cm -sr.

24



Actual Profile Recovery for Simulated Spectral Models.

Table 3 shows the location for ten "optimal" filters suggested by Kaplan

et al. (1977). These were applied to the spectral region, using each filter

region as a sum over the window to give the equivalent response for ten

separate radiometers, and then the spectral space covariance matrix (fTf)-l,

Eq. ( 27) was found. The ten atmospheric layers captioned in Figures 1-10

were used for the spectral space filters. Table 15 shows the covariance error

matrix, with the diagonal elements being the coefficients for the temperature

variance to be multiplied by the variance of the noise present from detectors,

etc. The r.m.s. noise temperature for the ten levels becomes

AT= (1.95 x 108)(3.017 x 109) = .587 °K (53)

where we assume that 3.017 x 10-9  ws r.m.s. noise is present.cm2-sr-cm-

A second analysis uses the full spectral information from 600-750 cm

assuming fourteen atmospheric layers. The noise temperature error matrix

(f Tf)-l, is shown in Table 16 with an r.m.s. noise temperature of .15 K, again

assuming the same amount of noise as previously.

For the transform domain simulation, Fourier transforms of the separate

and composite atmospheric layer spectra are performed and the error covariance

matrix (F TF) " is constructed, using either the entire transform optical path

difference interferogram (0-13.653 cm), or various partial interferograms, as

displayed in Tables 4-14. Note that in comparing the two domains we use the

equivalent amount of noise for each, and are not considering the obvious
Vmax- amin ,b bevn l

multiplex advantage in gain available from -, A- , by observing all

elements at the same time (as with an interferometer versus a grating

25



spectrometer). This is done to emphasize the information content of the two

domains.

Gain

Figure 41 shows the r.m.s. noise temperature given by the matrix (FT F) - l

for various partial interferograms with 0 8 watts/cm2 -sr noise. The most

promising region appears to be the continuous interferogram (0-2.167 cm),

which has a r.m.s. value of .276 OK for 650 points of data. If we were to

spend an equal amount of time measuring the partial interferograms from either

(.500 - .833 cm) with an r.m.s. noise temperature of 1.011 OK for 100 points,

or the region (1.167 - 1.500 cm) with an r.m.s. noise temperature of .9690K

for 100 points, we would expect the r.m.s. noise to decrease by the ratio

,/100/650 = 1/2.550 , and thus we could expect to determine the temperature for

the (1.167 - 1.500 cm) region to within ' .3800K, which is still not

as good as the .276°K r.m.s. for the 0-2.167 cm region. Figure 42 shows th.

comparison for the (0-2.167 cm) region with the (.500 - .833 cm) region using

equal measuring times. Thus, under the limited cases studied and subject to

the model accuracy we find no gain advantage for using partial interferograms

in the 15 pm region.
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START

FOURIER

GENERATE TRANSFORM this is the If" matrix

CO, FILES BLACK BODY data base for
FILES MULTIPLY profile program

BY TRANSMITTANCE

GENERATE
LORENTZIAN

FILESMULTIPLY PRODUCT

OF TRANSMITTANCE
BY TEMPERATURES

CON VOLVE CO,
FILES WITH

LORENTZIAN
FILES

SUM THE this Is the spectral
PRODUCTS domain vector for -

profile program

EXPONENTIATE
RESULT OF

CONVOLUTIONS

FOURIER this is the Iensty

TRANSFORM differenoe vecor for
THE SUM profits program

GENERATE
THEORETICAL
BLACK BOOT

FILES AND
THEIR DERIVATIVES STOP

GENERATE
TRANSMITTANCE

FILES

MULTIPLY

@LACK SOOT this Is the spectral domain
DERIVATIVE FILES data base for profile program

ST TRANSMITTANCEj

Figure 45. Computation procedure used to generate transmittance.
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INITIALIZE
DATA WINDOW

ICONSTRUCT {
THE 1Tf MATRIX

COMPUTE THE
INVERSE OF

CONSTRUCT
THE NXI
INTENSITY

DIFFERENCE
VECTOR

IMULTIPLY INVERSE
BVECTOR

TO GET PROFILE

PRINT
PROFILE

STOP

LFigure 46. Program for Temperature Profile.- 1

73 -



INITIALIZE
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Figure 47. Construct the covariance matrix fTf.
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TABLE 1. Co2 BANDS

BAND CLE VEL LOWER LEVEL I LOTOPE BAND STRENGTH

(l l22 moc-1 cm2 ,m-1)

667.379 01101 00001 626 82580

647.058 11102 10002 626 222

648.484 01101 00001 636 860

688.678 11101 10001 626 148.8

622.368 01101 00001 628 330

668.109 03301 02201 626 382.4

667.750 02201 01101 626 6488

618.033 10002 01101 626 1436

720.808 10001 01101 626 1853
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TABLE 2. STANDARD ATMOSPHERE -- MIDLATITUDE SUMMER

LAYER HEIGHT TEMPERATURE PRESSURE ATM - CM

0 291 1.000

0-2 290 .792 58.9

2-4 279 .620 47.5

4-6 267 .481 37.6

6-8 255 .367 30.0

8-10 242 .277 23.1

10-12 229 .206 17.8

12-14 216 .151 13.4

14-16 216 .110 9.81

16-18 216 .0802 7.01

18-20 217 .0587 5.00

20-22 219 .0431 3.60

22-24 222 .0318 2.60

24-27 224 .0216 2.36

27-30 234 .0130 1.96

30- 243 .0130 ----

TOTAL 260.6 Atm. Cm.
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IABLL 3. SPECTRAL CHANNELS FOR 15 pm CO2

CHANNEL CENTER FREQUENCY CM"1  INTERGER POSITION

1 667.50 1844

2 668.70 1976

3 667.00 1829

4 666.00 1802

5 652.75 1440

6 646.65 1274

7 635.77 977

8 627.75 758

9 623.23 634

10 607.00 191

All channels have 0.5 cm 1 width.

* Kaplan et al., see reference.
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